Physical differences between organelle genomes of the interfertile species Chlamydomonas reinharodt and Chlamydomonas smithii have been used to demonstrate that sexual zygotes transmit chloroplast and mitochondrial DNA from opposite mating types. Processes responsible can be separated functionally and genetically, although both are controlled by mating type. In vegetative diploids, chloroplast and mitochondrial genomes are transmitted biparentally, but a 1-kilobase insert present in the C. smithy mitochondrial genome spreads unidirectionally to all C. reinhardti genomes in a manner reminiscent of the intron found in the mitochondrial 21S rRNA gene of wA strains of yeast.
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The unicellular green alga Chlamydomonas reinhardtii is a model for studies on the inheritance of chloroplast genes (1). Upon nitrogen starvation, which induces the sexual phase of the life cycle, cells of opposite mating type differentiate into gametes and fuse to form diploid zygotes. About 95% ofthese zygotes form hard-walled zygospores capable of undergoing meiosis to yield haploid progeny. The remaining 5% of the zygotes divide mitotically soon after gamete fusion to form vegetative diploid clones (2) . Although the gamete chloroplasts fuse shortly after mating (3), genetic or physical markers on the 195-kilobase (kb) circular chloroplast genome, present in about 75 copies in the cell's single chloroplast (1, 4) , are transmitted exclusively by the maternal (mt') parent to most meiotic progeny (5) . A small percentage (<10%) of sexual zygotes transmit chloroplast markers from both parents, and very rare zygotes transmit chloroplast markers exclusively from the paternal (mt-) parent. In contrast, the few vegetative diploids are largely biparental for these markers (1) . A high frequency of biparental sexual zygotes can also be obtained by UV treatment of the mt' parent prior to mating, which permits efficient transmission of chloroplast genes by the mtU parent (6, 7) .
The mitochondrial genome of C. reinhardtii is a small (16-kb) linear molecule (8-10) present in 40-50 copies per cell (1) . Heretofore no physical markers have been available to determine the inheritance of the mitochondrial genome in crosses, and genetic analysis of putative mitochondrial mutations (11, 12) has yielded ambiguous results (13) .
In this paper we utilize genetic and physical differences in the chloroplast and mitochondrial genomes (14, 15) of the interfertile species C. reinhardtii and Chlamydomonas smithii (16) to demonstrate that meiotic zygotes from reciprocal crosses normally transmit the mitochondrial genome of the mt-parent and the chloroplast genome of the mt+ parent to their sexual progeny. In contrast to chloroplast genes (6, 7), UV irradiation of gametes prior to mating has no effect on the paternal transmission of mitochondrial genomes. Inheritance of both organelle genomes is biparental in a substantial fraction of the progeny of vegetative diploids from these crosses, but a 1-kb insertion found in the mitochondrial genome of C. smithii appears to spread to all mitochondrial genomes contributed by C. reinhardtii.
MATERIALS AND METHODS
Crosses for Examining Transmission of Chloroplast and Mitochondrial Genomes. Strains were obtained from the Chlamydomonas Genetics Center, Department of Botany, Duke University, Durham, NC 27706. The wild type mt' stock of C. smithii (CC-1373, = SAG 54.72, UTEX 1062) has mitochondrial and chloroplast genomes physically distinct from those of C. reinhardtii (14, 15) . This strain mates well with mt-stocks of C. reinhardtii, forming complete tetrads with no evidence of inviability or incompatibility of nuclear and organelle genomes, often seen in interspecific crosses. The CC-1852 mU strain is an F1 hybrid between C. smithii and C. reinhardtii carrying the mitochondrial and chloroplast genomes of C. smithii. It was selected as a rare surviving colony from a cross in which the C. reinhardtii mt-parent was treated with acriflavin to eliminate mitochondrial DNA (13) . Initially, restriction digests of total cellular DNA of individual meiotic progeny from the cross C. smithii mt' (CC-1373) x wild-type C. reinhardtii mt-(CC-124) were examined by hybridizing blots to labeled mitochondrial DNA (see below). Further studies involved the following pair of crosses. CC-1373 (mt') was crossed to CC-412 (mt-), a stock of C. reinhardtii carrying chloroplast markers for resistance to spectinomycin, streptomycin, and erythromycin, as well as nuclear markers mapping in four linkage groups (17) . In the reciprocal cross, CC-227 (mt'), carrying the same three chloroplast markers and two nuclear markers, was mated with CC-1852. Standard procedures were used for UV treatment of mt+ and mU gametes, making crosses, dissecting tetrads, and scoring progeny (17, 18 
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DNA Isolation and Restriction Analysis. Chloroplast and mitochondrial DNAs were isolated from 6-to 12-liter cultures in HS medium (20) of the parental stocks and certain meiotic products by NaT equilibrium density gradient centrifugation (5) . After three rounds of centrifugation, the mitochondrial DNA (1.706 g/cm3) was still contaminated by nuclear rDNA (1.715 g/cm3) and trace amounts of chloroplast DNA (1.696 g/cm3). Since the restriction patterns of both nuclear rRNA genes (21) and chloroplast DNA (4, 5) are distinctive for the enzymes used, this contamination posed no problems.
To examine the mitochondrial DNA of large numbers of meiotic and mitotic progeny, we isolated total cellular DNA (13) from 300-ml cultures of individual isolates grown to 5 x 106 cells per ml in HSHA medium (20) or from pooled 90-ml cultures of each of the four products from a single tetrad or one half of a single octet. Restriction digests, separation of fragments in agarose gels, blotting of separated fragments to nitrocellulose, and preparation of 32P-labeled probes were done as described (22) . The blots were hybridized under stringent conditions (23) , either to the mitochondrial DNA/ nuclear rDNA fraction described above, or to a pBR322 plasmid containing the 6-kb BamHI-Sal I central portion of the mitochondrial genome.
To quantify the ratio of the two mitochondrial genomes present in the vegetative diploid clones, individual bands in the hybridizing regions of each lane were excised from nitrocellulose blots and the radioactivity was measured by scintillation counting, using a toluene-based scintillation fluid.
RESULTS
Comparison of the Mitochondrial Genomes of C. reinhardt and C. smithii. Restriction digest patterns of purified mitochondrial DNA fractions from C. reinhardti and the F1 hybrid (CC-1852) containing the mitochondrial genome of C. smithii are shown in Fig. 1 . Maps of the mitochondrial genome (9, 10, 24-26) and the nuclear rDNA (21) of C. reinhardtii have been published. The uncut mitochondrial genome of C. smithii is -1 kb larger than that of C. reinhardtii, and differences are evident in the fragment pattern for each enzyme analyzed (Fig. 1 ). From analysis of double digests of the two mitochondrial genomes (data not shown), we conclude that the two mitochondrial genomes are colinear with the exception of a 1-kb insertion in the C. smithii genome in the region of the cytochrome b (COB) gene of C. reinhardtii (Fig. 2) . The insertion contains five new restriction sites arranged in a constellation not seen elsewhere in the mitochondrial or chloroplast genome of either species. The other new Hpa I and Xba I sites in C. smithil are close together in the cytochrome oxidase subunit I (COX I) gene, about 5 kb from the insertion (Fig. 2) . Analysis of fragment sizes from single and double digests of C. reinhardtii and C. smithii mitochondrial DNA showed that an insertion large enough (-0.4 kb) to contain both these new sites has not occurred in C. smithii. Furthermore, hexanucleotide sequences exist at appropriate positions in the COX I sequence of C. reinhardtii mitochondrial DNA (26) that could mutate by single base-pair changes to produce both new sites. Since the mitochondrial genome of C. smithii has the same unique EcoRI and Hpa I end fragments as the linear mitochondrial genome of C. reinhardtii (9) , it is probably also linear.
Transmission of the Mitochondrial and Chloroplast Genomes by Sexual Zygotes. Individual meiotic progeny of the cross C. smithii mt+ (CC-1373) x C. reinhardtii mtU contained the diagnostic Sal I-2 mitochondrial DNA restriction fragment (Figs. 1 and 2 ) of C. reinhardtii, the mt-parent (Table 1) . None showed the smaller Sal I-2 or the new Sal I-2' mitochondrial DNA fragment of C. smithii, the mt' parent. A similar paternal inheritance pattern of mitochondrial DNA (data not shown) was seen for BamHI-1 (Fig. 1) .
Reciprocal crosses were then made between genetically marked strains carrying the chloroplast and mitochondrial genomes of these two species. Aliquots of mt' and mtU gametes in each cross were treated with doses of UV irradiation sufficient to promote biparental inheritance of chloroplast genes (17) .
With the exception of one zygote, all progeny contained only the Sal I-2 restriction fragment from the mitochondrial genome of the mU parent, regardless of the direction in which the cross was made or whether one of the parents was treated with UV irradiation prior to mating (Fig. 3, Table 1 ). A subset of progeny from 14 zygotes examined for the Hpa I-1 restriction fragment located in the COX I region ofthe two mitochondrial genomes (Fig. 2) also contained only the fragment characteristic of the paternal (mU) parent (data not shown). Inheritance of chloroplast markers in zygotes was predominantly maternal when neither parent received UV irradiation prior to mating (Fig. 3, Table 1 ). As observed previously (6, 7), UV treatment of the mt' parent markedly increased the frequency of biparental zygotes carrying chloroplast genes from both parents, and UV treatment ofthe mtU parent had little effect on chloroplast gene transmission.
All eight progeny in one meiotic zygote from the cross CC-1373 x CC-412 inherited only the Sal 1-2 and -2' and the Hpa I-1 restriction sites of the mitochondrial genome of the maternal, C. smithii parent (data not shown). Contamination by maternal gametes was ruled out because the progeny segregated 2:2 for nuclear markers, and several were biparental for chloroplast markers. Transmission of Mitochondrial and Chloroplast Genomes by Vegetative Diploids. Vegetative diploids from reciprocal crosses were examined for the presence of C. smithii or C. reinhardtii mitochondrial genomes ( Table 2 ). All contained the Sal I-2 and -2' restriction fragments of the C. smithii mitochondrial genome, regardless of which parent carried this genome, but many contained Hpa I-1 fragments from both parents (Fig. 4, Table 2 ). In one cross (CC-2005 x CC-1861, Table 2 ), some had only the Hpa I-1 fragment from the maternal parent. Further, the ratio of the Hpa I-1 fragments varied markedly between different clones (Fig. 4) . When individual vegetative diploid clones containing variable mixtures of the Hpa I-1 fragments were subcloned, all were homoplasmic for the Hpa I-1 restriction fragment of one or the other parent but had the Sal 1-2 and -2' fragments of the C. smithii parent. In diploid 3a, the approximately equal ratio of the two fragments present in the original diploid (Table 3) is not markedly different from the 4:6 ratio of individual homoplasmic subclones (Fig. 5) . The frequency of diploid clones biparental for the Hpa I-1 fragment was higher when the maternal parent carried the mitochondrial genome of C. smithii (CC-2005) than when this parent contained the mitochondrial genome of C. reinhardtii (CC-1412; Table 2 ). Further, the ratio of the two restriction fragments was nearly Table 1 Data shown are for the Sal 1-2 restriction fragment of mitochondrial DNA and for chloroplast markers for streptomycin, erythromycin, and spectinomycin resistance that differ between the two parents. M, organelle markers only from maternal (mt') parent; P, organelle markers only from paternal (mt-) parent; B, organelle markers from both parents. random in biparental progeny from the former cross and strongly paternally biased in the latter (Table 3 ).
In the cross of Table 3 in which chloroplast markers were scored (CC-1412 mt+ x CC-2006 mt), the frequency of diploid clones biparental for streptomycin and DCMU resistance was much higher (78%) than that for the mitochondrial Hpa I-1 fragments (21%). There was no correlation between biparental transmission of the chloroplast and mitochondrial genomes in individual diploid isolates. See Table 1 legend for definitions of M, P, and B. Mitochondrial DNA from one isolate was not examined for Sal I-2 fragment. two processes can be separated functionally and genetically, although both are controlled by mating type. UV irradiation of mt+ or mt-gametes prior to mating has no effect on the transmission of mitochondrial genomes, whereas a similar treatment of mt+ gametes promotes biparental inheritance of chloroplast genomes, possibly by blocking synthesis of or inactivating a gene product that degrades paternal chloroplast DNA (6, 27) . A nuclear mutation (mat-3) linked to mt+ appears to act similarly in promoting a very high (>50%) frequency of biparental transmission of chloroplast genomes from the mt-parent while having no effect on transmission of mitochondrial genomes (27) .
Although vegetative diploids transmit both their mitochondrial and chloroplast genomes biparentally, the 1-kb insertion in the mitochondrial genome of C. smithii appears to spread to the mitochondrial DNA molecules of C. reinhardtii. This preferential transmission of a selected region of the mitochondrial genome to all copies is reminiscent of the yeast mitochondrial w+ intron in the 21S rRNA gene (28) or insertions in the var-i gene (29) , which are spread by geneconversion mechanisms. The 1-kb insertion in C. smithii mitochondrial DNA is probably not homologous in sequence to the + intron (30) , since the latter lacks the diagnostic restriction sites of the C. smithii insertion.
Convincing cytological evidence exists in C. reinhardtii that the two parental chloroplasts fuse in the young zygotes at about the time of nuclear fusion (3), although nucleoids containing mt-chloroplast DNA are seen to disappear before that time (31) . When the mechanism causing destruction of chloroplast DNA fails in meiotic zygotes, chloroplasts of mtcells contribute their genomes to form a biparental chloroplast, allowing an opportunity for recombination and segregation of the organelle genomes to occur. The fate of the mitochondria and mitochondrial DNA after zygote fusion is unknown. Mitochondrial fusion is presumed to occur in higher plants, since segregation and/or recombination of mitochondrial DNA has been observed in plants regenerated from asexual fusions (32) . Although a number of higher plants transmit chloroplast genes biparentally in crosses, and cell fusions regularly segregate progeny homoplasmic for the chloroplast genotypes of the two parents (33) (34) (35) , there is but one unequivocal report of chloroplast gene recombination. This recombinant was selected in a tissue culture derived Our results show that the mating type locus (linkage group VI) of C. reinhardtii controls the transmission of mitochondrial as well as chloroplast genomes. Mutations in this region (27) that affect chloroplast gene transmission (mat-2, mat-3) are extremely tightly linked to mating type, as are other loci identified by mutations that block flagellar adhesion (sad-i) or sexual fusion (imp-i, imp-li) and loci defined by mutations for dependence on nicotinamide, thiamine, and acetate (nic-7, thi-iO, ac-29). Other loci elsewhere in the genome with sex-limited functions in the mating process have also been identified (37) . The extent to which mating type is entirely a regulatory locus activating these and other genes, or is a complex of genes, held together by crossover suppression (38) , and directly involved in mating and in organelle gene transmission remains to be seen. In either case, mt' and mtstrains must differ genetically in the mating type region, to account for their specificity in mating and organelle gene transmission.
The maternal transmission of chloroplast genomes and the paternal transmission of mitochondrial genomes in meiotic zygotes appear to be controlled by different alleles, at or near the mating type locus, whose functions are turned off in vegetative diploids. Chloroplast and mitochondrial genomes are transmitted nearly randomly in vegetative diploids, and both organelle genomes segregate rapidly during the subsequent mitotic divisions. Our finding that the 1-kb insertion present in the mitochondrial genome of C. smithii spreads with 100% efficiency to the mitochondrial genome of C. reinhardtii in vegetative diploids implies that both mitochondrial fusion and gene recombination must occur in these cells.
